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^SYNOPSIS 


The present investigation involves the study of 
deformation and recrystallization characteristics of high 
purity and commercial purity 3,5^ Si-Fe alloys. This 
investigation involved the study of a few process variables, 
such as the amount of reduction, intermediate anneaJLings, 
atmosphere, recrystallization time and temperatures for the 
production of right textures. The work on high purity alloy 
has shown that only sharp cold rolled texture can be produced 
in this case, either by straight heavy reduction or by low 
reduction followed by primary recrystallization for long 
periods and a high temperature anneal. No secondary 
recrystallization textures could be observed in this case. 
However, commercial purity alloy showed a strong but possibly 
slightly Imperfect cube-on-edge texture. 
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I INTSODUCTIOir 



INTRODUCTION 


Silicon- Iron alloys with up to 5 % Si have 
enjoyed a constant improvement through research and 
control of production methods so as to produce better 
properties for electrical use. The most significant 
improvement in this direction -was based on the 
observations by Kaya and Honda and Williams 
that single crystals of pure Fe and Fe-Si alloys can 
be magnetised more easily in the [lOo} direction 
than in the [lioj and directions 5 the third 

direction being the hardest direction for magnetisation 
(Fig*".! & 2). Steel sheets used in transformer cores 
undergo repeated cycles of magnetisation and 
demagnetisation and are required to have high 
permeability in the direction of applied field, low 
core losses. This requires that the sheets should 
have preferred grain orientation so that as many grains 
as possible have their easy directions of magnetisation 
parallel to the direction of magnetisation in the 
transformer cores. Since proffered grain orientation 
in sheets is achieved by rolling ( and also by subsequent 
heat treatment) this easy direction of magnetisation 
of grains should become parallel to the rolling 
direction. The importance of texture is evident from 
Fig, 3. Another significant discovery was by Hadfield^"^^^ 
who observed that the addition of silicon to 
substantially pure iron greatly improves the magnetic 
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properties of Fe-Si alloys, Silicon in Fe causes 
a small drop in magnetic induction at saturation, 
increases resistivity and teyond about 3^ St in Fe 
the permeability increases rapidly and reaches a 
maximum at about 6^ Si (Fig. 4), Besides, it provides 
uniformly large grain size throughout the matrix which 
is helpful in secondary recrystallization, Howeven, 
addition of Si beyond 5^ makes the material brittle 
(Fig, 5), Hence all commercial alloys normally contain 
less than 4,5^ Si. 

From the single crystal magnetic data on 
Fe-Si alloys it is apparent (Fig, 6) that the ideal 
orientation of grains for producing better magnetic 
properties will be: 

1, A cube face g^^ains parallel to the 
rolling plane and a cube edge parallel to the rolling 
direction i,e, (100) [oOlQ texture or cube texture, so 
that there will be two easiest directions of 
magnetisation lying on the rolling plane, (Fig. 7(a)) . 

2» A diagonal (110) plane parallel to the 
rolling plane and a cube edge parallel to the rolling 
direction, i.e. (110) [ooj texture or cube on edge 
texture , so that there will be an easy and a medium 
easy direction of magnetisation lying on the rolling 
plane <Fig.7(b))^ 
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Fig, 1, Magnetization curve for pure Fe single Crystals* 

Fig* 2, Magnetization curve for Pe — 51 alloy Single Crystals, 
Fig, 3. Magnetic properties of grain oriented 3^ Si-Fe alloy (A) 

J4ct —YaU-ti- A'l.SL-h (&) . 

Fig, 4, Variation in saturation induction Bg, maximum 

perme ability curie temperature 9 and resistivity ^ 
as a function of % Si in Fe, 

Fig, 5, Tensile strength of Fe-Si alloys for different 
concentrations of Si, 
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3, A ClOo) plane parallel to the rolling 
plane and direction parallel to the rolling 

direction so that there will be tvro easy directions 
of magnetisation on the rolling plane at 45*^ to the 
rolling direction. When properly oriented this will 
be equivalent to cube texture (Fig.7(c)), 

The method of producing any of the grain 
oriented textures can be divided into two basic 
cata.gori6s,l) '’‘’he texture produced by cold deformation, 
with or without any heat treatment so as to retain 
the cold rolled texture 2) The texture produced by 
cold-rolling followed hy suitable annealing so as to 
produce a completely new texture known as annealing 
texture . While the (100) fOllQ texture can be 
produced by cold rolling only ( follo^^red by annealing 
or no annealing j the other two textures, (lOO) [OO^ and 
(llO) , can be produced only b:?" suitable high 

temperature annealing follovrLng a suitable percent 
reduction. 

When b.c.c, metals and alloys, such as Fe and 
Fe-Si alloys, are cold rolled they invariably produce 
a cold rolled texture (100) [oild'^^^'^’^’^^^with ^llQ 

directsson parallel (with a few degrees deviation) to 
the rolling direction and (100) plane parallel ( with 
a few degrees to as la.rge as about 45° deviation from 
the ideal orientation around the rolling direction) to 
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Fig, 6 


Fig, 7 


• Planes and directions of cubic crystals that 
are important for .better magnetic properties 
in b,c,c, metals, 

• Crystal orientation with respect to rolling 
plane (the plane of the sheets) and the rolling 
directions (R,D,) to give (a) cube texture, 

(b) cube on edge texture (c) cold rolled texture. 
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the rolling plane. The sharpness in this texture has 
been achieved either by rolling in two perpendicular 
directions^'^’^’^^or by partial recrystallization at 
temperatures below 675*^0^'^^ . Cross rolling or partial 
recrystallization sharpens the cold-rolled textures 
by reducing the minor textures ( 111 ) > 0-193 and ( 111 ) 
jiis] which are usually associated with the (100) f)l^ 

( s) 

texture. Further, it has been observed that reductions 
more than 1Q>% are essential for producing sharp cold- 

( 9 ) 

rolled texture in b.c,c, metals and alloys. Brown 
indicated that the cold rolled texture is invariably 
dependent on the procedure adopted in the cold reduction 
stage. For example, in one stage cold-reduction 
produces sharp (100) ^11] texture whereas a two 

or three stage process, i,e, cold reductions followed 
by intermediate annealing, produce complex duplex texture, 

ihinealing of cold-rolled material above the 

recrystallization temperature produces primary 

recrystallization followed by urimary grain growth. If; 

hoxfever, there are conditions favourable to produce 

stable grain structure (primary grain growth inhibition) 

to) 

which may be due to a) n. strong single orientation 
(texture inhibition) b) dispersed second phase^^^^ 
(disper.sed phase inhibition) c) thermal grooving^^^\ 
high temperature annealing brings about a new process 
known as secondary recrystallization. In this process 
certain favourably oriented grains grow to very large 



( 10 ) 


size consuming many of the 'unfavourably oriented grains. 

For Fe-Si alloys these grains usually have the cube-on- 
edge orientation with respect to the rolling plane and 
rolling direction. However j in certain cases cube 
orientation with respect to rolling plane and rolling 
direction has also been observed. 

The annealing of the cold rolled material 

to produce secondary recrystallization in sheets of 

thickness 0.025” to 0,014” may be done in two ways- 

(a) isothermal annealing at a suitable temp* or (b) -a 

suitable constant rate of heating with or 'without a 

short isothermal treatment atnti“inal temperature. 

When constant heating rates are used normally no 

separate orimary recrystallization treatment is given 

to the material. Heating rates varying from SQhC/hr^^^’^"^ 

to lOO^C/hr.*^^^^ have been used. However j it has 

been suggested^^"^^ that a good heating rate is 

30°C - 60°C/hr, At high heating rates the number of 

growth centres increase, time for complete recrystallization 

becomes short and the perfection in texture becomes 
(14) 

poor. In isothermal treatment temperatures above and 
below 800°C are used for secondary and primary 
re crystallization respectively. For secondary 
recrystallization, which produces magnetic orientation, 
the stabilization of grain size is achieved in the 
primary recrystallization stage. 
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The primary recrystallization texture is 
usually stiongly developed (100) (pi]^ textuTB^^^^ 

provided the cold reduction is high and annealing 
teraperature is low. However, in most of the reported 
cases weak secondarir textures (111) [ll^ ^^^’^^\llO) 
[ 003 ^^^^ are also observed | the secondary texture becomes 
prominent ie.>the primary texture becomes more random, 
if the specimen is processed through more number of 

( a\ 

intermediate annealings . 

Much to the understanding of production of 

secondary recrystallization textures (lUi^ jOOlJ and 

(100) poi has been done by Dunn and his coworkers 

May and Turnbull ^ , Wiener^^J^^ and Detert^^^^ , The 

general method of producing secondary recrystallization 

texture appear to be similar, i,e,, it requires after 

the primary ■ recrystallization of the heavily cold.rolled 

material, a secondary recrystallization treatment. The 

methods of producing these two textures are so similar 

that the differences in conditions under which (110) 

jboi] and (100) ^01] textures can be produced do not 

become apparent. The secondary re crystallization takes 

place due to selective growth of preferentially 

( PT) ( 22 ) 

oriented grains, Wiener and Detert suggested 

that the growth of (100) or (llO) grains depend on the 
relative surface energies(<r) , the one having lower 
surface would grow at the expense of the other. 
Measurements of thermal etch pits have shown that when 
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grins -with (100) face parallel to rolling plane 

grow then <5^100) <^(110) , but the difference is 

only very small, being approximately 70 ergs/cm2^^^\ 

From this observation as well as from other similar 

observations^^"^^ , it appears that surface energy has 

an important role to play in determining the final 

texture produced by annealing. Surface energy 

is dependent on the atmosphere used and is .expected 

to be dependent on the variations in impurities 

present in the atmosphere, Wiener^^^^ and Foster^^^^ 

studied the amount of cube texture and cube texture 

growth rate as a function of oxygen content (Figs,S(a)&(b)X 

The available data, however, gives contradictory 

results making it difficult to understand the effect 

( 21 ) 

of atmosphere, is for example, while Wiener using 
argon atmosphere containing less than 35 ppm oxygen 
produced (llO) £poy texture and in 10 mn Hg vacuum 

a cube texture, Dunn and his coworkers obtained 

“5 

cube-on-edge texture in high vacuum (5 x 10 mm of Hg) 
and cube texture in commercial purity argon gas 
containing Og as impurity. Similarly, the presence 
(in trace quantit 3 r) or absence of HgS gas in hydrogen 
gas ( which is commenly used as a suitable atmosphere) 
has been found to produce cube or cube on edge texture, 
respectively^^*^^ , Annealing atmosphere also appears 
to have a considerable effect on the perfection of 
textures produced,- While Increase in nitrogen content 
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Fig* 8« Effect of oxygen in the formation of cube 
texture in 3> Si Fe alloy. 


(A) Amount of cube texture as a function 
of oxygen content, 

(a) 0,001^ Og, (b) 0,0033^ Og, 

(c) 0*0042^02, (d) 0.0059% O 2 . 

(B) Cube texture growth rate as a function 
of oxygen content. 

Single strips annealed in hydrogen at 1200°C 
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from 0,005^ to 0*001^ tends to produce danger size 
of grains and more perfect grain orientation, the 
growth completely stops if the nitrogen content 
esxeeds 0»015^ * 

Dunn and coworkers^^^ starting with 

oriented (001) jllo] and (111) [112] single crystals 
of 3,25% Si~Fe allo;^, on giving 70% reduction and 
subsequent annealing, showed that the production of 
cube on edge texture in b c c metals and alloys 
require the presence of either a (110) ^OIQ or a 
weak (111) fllgj textures in the material \rhich 
developes during the primary recrystallization process. 

The work on the development of cube texture 
in Fe-Si alloys is very limited. After Sixtus^^^^ 
first produced the texture several investigators 
confirmed it^^^ , While most of the work is on 

commercial purity alloys, Dunn and Walters produced 

this texture in high purity Fe~Si alloys. In either 
case the common feature is that the surfaces were 
cleaned before heat treatment. Atmosphere used 
varied from high vacuum to purified argon as described 
earlier. The experimental procedure involved heavy 
cold reduction followed by primary and secondary 
recrystallization. 
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The cube-on- edge texture was first produced 

by Goss^^'^^and later by many investigators^ 

The method usually involves hot rolling of ingots above 

800°C followed by cold rolling (at room temperature^ ’ ' 

or elvated temperatures , with or without intermediate 

d - 

annealing in the temperature range of -.GOO-GSO^C for 1 to 
5 minsj further cold reduction to the final size 
followed by primary and secondary recrystallization 
at constant temperatures^^^^ or by heating at a constant 
rate of heating^ ^ , 

The essential difference in the work of different 

investigators lies in the employment of different stages 

of reduction, amount of reduction, the number of 

Intermediate annealings given before reduction to final 

size and choice of the recrystallization temperatures. 

For practical purposes, usually Fe-Si alloys are rolled 

into 0,014" thick sheets. In laboratory practice, many 

investigators have used forged ingots for hot rolling. 

The final reduction after intermediate annealing in 

many cases were more than 50^, The total reductions 

X3B) ^(39) 

varied between 75% and 95% » 

The deformation and recrystallization study 
with a 3»5% Si-Fe alloy does not appear to have been 
done in the past, but a lot of work has been done with 
silicon content varying between 3% to 3,5^, Corcoran 

^ qqN 

and Wiener studied two alloys, he* lyiiBlting ii argoi aiiiD^ere 
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high purity silicon, electrolyte Mn and Fes of 
compositions 1) 3.4^^ Si, and 0,14/^ Mn, 0,001,^ S 
and 0 ^ 001 % Og and 2) 3,39/^ Si, 0,14?^ Mn, 0,0155 S 
and 0,00l5 Og, They hot forged the ingots to bars 
of l-g-" X 1-|-'' size which were hot rolled to 0,1" 
thickness sheets at 970°C and cold rolled to a thickness 
of 0,025", Heat treatments for 2 mins or more were 
done in dry hydrogen atmosphere and for times less 
than 2 mins in a salt pot furnace. The cold rolled 
texture was found to be a strong (100) [Ol]] texture 

with (111) ^ 1 § as a minor texture. Secondary 

recrystallization prcsduced a strong (110) [ooi] 
texture. 

May and Turnbull^"^^ starting with 2.845- 
3.345 Si, 0,0035 - 0.0065 C, 0.05 to 0,1105 Mn and 
0 5 to 0,465 S alloys, hot forged between 1000°C - 
800^0 followed by hot rolling to 0,2" thickness and 
finally cold rolled to 0,014" thickness through two 
intermediate annealings at 950°C for 5 mins at 0,1" 
and 0,28" thickness. The primary and secondary 
recrystallization treatments were performed in H2 
atmosphere. The final recrystallization texture 
was found to be (110) [oOlQ , Harker and Decker^^^^ 
starting with hot rolled 0,125" thick strips of 
composition 3,255 Si and small amounts of C, Mn 
S and phosphorous cold rolled to 0,014" in two 
stages, intermediate anneal was given at 950° C 
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for 5 mins in atmosphere. They found strong (100) 
Ipilj cold-rolled texture and (110) ”00 IJ final 

recrystallization texture. 

The available large volume of data does 
not give a single procedure to be followed and often 
gives contradictory processing methods. In view of 
the tremendous importance of this material and 
nonavailability of the exact know -how of production 
method which appears to be developed for each 
composition and other process variables, the study 
of grain oriented Fe-Si was undertaken. The present 
investigation involves the study of deformation and 
recrystallization characteristics of high purity 
3*5^ Si-Fe and commercial purity 3 , 5 % Si-Fe alloys 
with a view to develops the production techni 
■que of , the right kind of textures in these alloys 
for possible commercial exploitation. 
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II FABRICATION OF EQUIPMENT 
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To carry out investigation on grain oriented Fe-Si 
alloys the facilities for controlled atmosphere melting 
of large amount of material and their heat treatment, 
quantitative texture work using X-ray diffraction methods 
and testing the magnetic properties are essential'. Since 
there were only a few ready made equipment available for 
this work, all ^he required equipment had to be designed and 
fabric ated, 

A) Equipment for nre-paration of alloys, their forming 

and heat treatment; 

The equipment required for this purpose were 

1* Controlled atmosphere melting unit* 

2, Alumina Crucibles* 

3* Protective gas (argon) purification train* 

4. Controlled atmosphere heat treatment furnace* 

6, Hot forging and hot and cold rolling facilities , 

Of these only a 20 KW spark gap high frequency 
generator, hot forging and cold rolling facilities were 
available. Hence all other equipment were designed and 
fabric ated, 

1* Controlled atmosphere induction melting unit; - 

An induction coil, 6” 0,D, x 7.5” high, suitable for 
use With the 20 K,W, generator was used with a one end 
closed vycor tube fitted with water cooled flange, ports 
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for ovacuatiorij gas inlet and a sight hole* The farnace 
has been described in detail elsewhere^ h The complete 
assembly is shown in Fig, 9 , 

2’» Crucibles 

Since big size high purity alumina crucibles 

were not available , alumina crucibles of two sizes^ 

2" dia X 2|-” long and 2,3" dia. x 5" long, were fabricated. 

Plaster of paris mould was used for slip casting the 

crucibles from a slip ( p = 3,5 ) containing 99jS pure 

H 

■^2^3 mixed with 2,5^ Na 2 Gog, The crucibles were 

presintered at 900°C for 3|- hours and then sintered at 
1365°C and finally sintered in the induction furnace 
using a graphite crucible as a susceptor. Induction 
heating was done slowly at first to raise the temperature 
to 1550®G in 2 -^ hours and then sintered at 1650°C for 
1 hour. Gas firing at 1750°C and oil firing at 1650^0 
was also used with only limited success, 

3, Gas purification t'rain & Ifeat treatment furnaces; 

Since grain orientation treatment is very much 
dependant on farnace atmosphere and the gas content of the 
material control of furnace atmosphere during melting 
and heat treatment, especially with regard to oxygen and 
nitrogen, is very essential. In order to avoid oxygen and 
nitrogen pick up ^ inert atmosphere was required for both 
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the purposes. Argon gas was chosen as the best available 

atmosphere. The available bottled argon gas normally 

contain small amounts of 0 , N and moisture. To remove 

2 2 

these effectively a gas purification train was made 
using copper-chip and Ti - Chip furnaces to remove N 2 J 
O 2 etc, and silca gel, anhydrous fused CaClg and P 2 O 5 
for removing water vapour* The schematic gas purification 
train layout is shown in Fig.lO • 

Heat treatment furnaces t- Grain orientation treatment 
of pure and commercial purity FA-si alloys require heat 
treatment temperature ranging from 40 CPg to 1350®C, 

For all low temperature annealings up to llOC/^C, 

Kanthal-A heating element of total resistance 100 ohms 
was used for constructing the furnace. This furnace 
had a provision for flushing-jargon gas. The details of 
the furnaces for gas purification and heat treatment 
are described elsowhore^"^^^ . The inter connection of 
the furnace and the gas train is shown in Fig, 10 , On 
the exit side of the furnace an oil bubbler seal was used 
to maintain a positive pressure in the furnace tube as 
well as to maintain and indicate a desired flow rate of 
gas. The gas purification train and the annealing 
furnace were mounted on a four-wheeled trolley so 
that the whole set could be easily transported from the 
melting site to the forming site. 

Vacuum annealing furnaces:- The argon gas annealing 
furnace described above was found satisfactory for heat 
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treatment of thick speciuons. In spite of purification 
of argon gas some surface oxidation was found to occur 
possibly due to (1) siliminite furnace tube (Indip, -made) not 
being perfectly impervious to gases (2) ‘‘he impurity content 
of the argon gas ( 02 ? Ng and HgO vapour) which varied 
considerably from cylinder to cylinder. Since the 
purification system had a limited capacity it could not 
function, due to large variations in iiipirlties in the gas, 
properly. Since annealing of thin specimens were involved 
in the subsequent work, two vacuum annealing furnaces were 
constructed. One resistance heating furnace ( resistance 
60 ohms) with a 1" dia. vycor heat treatment tube was set 
up for primary re crystallization of specimen. This 
furnace could go up to a temperaturo of 1000*^0, The other 
furnace, a Globar tube furnace provided with an imported^ 
impervious^ one ond closed sillimanite tube (of 2,3" 
internal dia^ which could go up to 1350^0, was used for 
secondary recrystallization. The open ond of the heat 
treatment tubes were fitted with water cooled brass 
flanges and with provisions for introducing specimen 
without breaking vacuum and argon gas flushing. An 
ultimate vacuum of 40-50 ^Qf Hg could be achieved 
through the use of a single stage mechanical pump. 

With the specimen charging device a stainless steel boat 
containing Ti chips was attached so that it onteied 
hot zone first and took care of the traces of Og and Wg 
in the heat treatment tube. The schematic drawing is 
shown in Fig, 11 , Specimens as thin as 0,003" could be 
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annoalod in the furnace without any crxidation, 

4# Rolling faciliim- 

Hot rolls:- Two alloy stool rolls wore forged and 
ho at treated ( normalised) at tho Ordenance Factory, Kanpur 
and machined to sizo if'ig^l2) • Tho hardness of tho roll 
surface was Rockwell Q:3£>» 

Adjustable Guide:- Since a texture is developed 
during cold rolling and chptrges its characteristics if 
rolling direction vary, an adjustable guide ( FigJLS) was 
fabricated to eliminate accidental rotation of the small 
specimens during feeding into the rolls. 

B) Eouinment for texture study: 

Texture Goniometer:- If X-ray diffraction 
pattern of a textured sheet specimen, initially mounted 
perpendicular to the incident beam with rolling direction 
vertical, is taken by a transmission pin hole camera, the 
resulting photograph will contain discontinuous Debye 
rings and the pattern will be symmetrical about the 
vertical line (rolling direction) through the centre of 
the film. However, if the sheet is now rotated around 
the rolling direction and another photograph is taken, 
the diffraction pattern will show change in the position 
and intensity of the streaks on the Debye rings. This is 
due to the fact that the difference in the number of 
favourably oriented grains cause change in the intensity 
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Fig. 10 Gas Purification Train and 

Heat Treatment Furnace Interconnection, 
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Fig. 12 Forged hot roll dimension 
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Fig* 13 Guide for cold rolling operation 




FIG.13^ ISOMETRIC VIEW OF THE GUIDE 
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and the positional change is due to tho diffc-rence in the 

degree of randomness. To determine the complete texture 

of sheet, it is therefore necessaJ‘7 to measure the 

distribution of orientation about the rolling direction 

by taking several diffraction patterns with the sheet 

noimial at various angles to the incident beam. Since 

the photographic method gives only qualitative information, 

in recent years methods have been developed for the 

determination of texture iritb diffractometer which are 

capable of quite high precision. Since in a diffractometer 

only a small portion of the Debye ring is interepted by 

the fixed counter, the measurement of intensity variation 

albng a vrhole Debye ring requires specimen rotations around 

seT?eral axes. This is achieved by a specially designed 

goniometer. There are two types of goniometers - . - 

1) reflection type goniometer and 2) "feransmission type 

goniometer. The geometry of both of these techniques 

are shown in Figs.M.&lS, respectively. Either one of 

them is not suitable for complete texture determination, 

because of the absorption characteristics of the specimen, 

the design of the goniometers and the characteristics of the 

diffractometer geometry. If the pole figure is drawn 

with normal direction as the pole of the projection, 

then the transmission method is able to produce texture 

data be tween 90° ( at the periphery ) to 50° in the pole 

1 

figure diagram, whereas the reflection type produces 
pole figures between 0° ( centre of pole figure ) to 70°, 
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Fig. 14 Ideal specimen geometry in a 
Sculz type texture Goniometer. 



A 



no.14. ideal specimen with respect to DIPP RAC to meter. 

SPECIMEN SHOWN WITH = Or l>Ei PLANE OF SPECIMEN 
IS PERPENOICULER TO THE PLANE OF POCUSINS CIRCLE. 


R.D.- 


Diffractomcter 




axis 



Fig. (5. Diffractometer geometry for transmission 

technique. The positions of rolling direction 
(R D) Transverse or cross direction(T.D. orC D) 
and normal direction (N D) correspond to 
= 0 and <j) = 0 
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The reflection technique does not require any intensity 
correction due to the specimen absorption, as is required 
in case of transmission technique. Moreover, specimen 
preparation for transmission technique is very laborious. 

Considering all these facts, it -was thought 
that texture study will be done by using Sculz reflection 
type goniometer. Since this goniometer was not available 
in the laboratory, a reflection type goniometer was 
designed and fabricated. The goniometer could use 1" x 1” 
flat specimens and an intensity integration provision 
was made for oscillation of specimen in its own plane. 

Preliminary trials were made with powdered 
ITaCl and 300 mesh ye powder seived from coarse iron 
powder. Idealy the variation of the measured intensity 
(Im) with (Fig. 14) rotation should show no- variation in 
intensity up too^-= 40°, However, the terst results 
indicated a rather sharp drop in intensity within few 
degrees. The reason for this was traced to • fabrication 
defect ; difficulty in keeping the specimen stage 
in alignment with the X-ray beam because specimen 
translation was not smooth. 

Since there was no simple way of rectifying the 
defect and realising that the alignment will be easier for 
transmission technique, the goniometer was changed into 
a transmission type of goniometer. The specimen stage 
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was TGdesjgned foi* operation on the same teack where 
reflection stags was supposed to oporate. The 
transmission stage has a 7/8" x 3/4” opening for 
fixing a thin specimen and to serve as a window for 
x- rays - The mechanical drive designed for specimen 
oscillation was a rack and pinion arrangement driven 
by a specially designed gear which was rotated _ by a 1 rjm 
reversing synchronous motor. The gear required special 
teeth profile* Since such profile cutte rs were not 
available gear teeth shaping was done by hand filing 
which obviously did not produce the right kind of 
profile • As a result of tills the mechanical drive 
did not work satisfactorily. The mechanical oscillation 
mechanism w^s replaced bya sample rack and pinion 
arrangement driven by an electrically reversing 
synchronous motor. The circuit diagram for drive motor 
reversal is shown in Fig, 16 • With this arrangement 
and with a 1 rpm synchronous motor the specimen stage 
could be oscillated without any difficulty. However, 
this method restricted the use of higher rpm motors, 

( c) Testing of transmission texture goniometer. 

Decker, Harker and Asp^'^^^ have shown the nature of the 
variation of measured intensity (Im) witho^ using a 
random sample, Ag Br in X-ray film. In order to check 
the performance of the fabricated goniometer, a similar 
test was performed using Kodak no screen X-ray film, liie 
data of i^hich^ together with the date, of Decker, Barker 
and Asp, is shown in Fig, 17. That the intensity does not 



change with change in 4^ was also varified. A similar 
data for variation of intensity with oC and (Fig, is) 
was obtained for a 3,5^ Si-Pe alloy random sample 
prepared with 3CX) mesh filed and vacuum annealed 
powder. To prepare the random specimen of 3,5^ 

Si-Fe alloy, a perspex specimen holder 1” x 7/8" x 0,005" 
was prepared. The a^oaled powder mixed with Cry Ion 
•Spray was tapped in the shallow groove (0,005") in the 
specimen holder and properly levelled off using a 
clean glass slide* The spray dried quickly leaving a 
0,005" thick powder layer firmly attached in the specimen 
holder. The whole assemply was used as the specimen. The 
thin perspex sheet beneath the specimen did not cause 
any difficulty in the calibration. 



Synchronous A.C- 250 V Fuse Line 

Motor(lrpm) Relay 3 C/0 contacts ^ amp Switch 



Note Motor shaft operates N.G.St N.C. microswitches for 
reversing operation 

Fig.»<s Electrical circuit for reversing synchronous 
motor for specimen oscillation 



Number Of Counts ^ Number Of Counts 



FIG /7fcU- Variation Of I Measured With o( 
For X-ray Film. (a) Present Work 
b) Data By Decker etal 



FIG dS&J. Variation Of I Measured With o( 
For 3.5°/o Si-Fe Random Sample 




0 (degrees) ^ 

FIG^?b. Variation Of I Measured With 0 For 3-5% Si-Fe Random Sample 








Fig. 


Transmission Goniometer Fitted on 
De f f r ac tome ter 




Ill EXPERIMENTAL PROCEDURE 
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A. MAKING, SHAPING AND HEAT TREATMENT OF Fe-Si ALLOYS 

The grain orientation study with Fe-Si 
alloys Was made with two alloy compositions, namely, 
high purity 3,5^ Si-Fe and commercial purity 3,5^ Si-Fe, 
The alloy preparation involved melting and homogenisation, 
forging, rolling and annealing, 

1) Melting & homogenisation of alloys: Two alloys 
each containing 3,5^ Si were prepared by melting 
together 1) High purity electrolytic iron and pure 
silicon of 99,9^ purity supplied by Semi Elements 
Incorporated, New York, and 2) pure silicon and commercial 
purity low carbon steel. The composition of the 
commercial purity low carbon steel was ,029^ C, 0,21^ Mn 
0,025^P , 1,58^ Si and 0,027^ S and was supplied by 
Rourkela Steel Plant, Rourkela, 664 gms of high purity 
and 810 gms of commercial purity alloys were induction 
melted in alumina crucibles under a protective 
atmosphere of purified argon gas. The furnace chamber 
was evacuated to a vacuum of about 20 microns of Hg 
before flushing with argon and the process was repeated 
twice to remove all air from the furnace chamber. The 
molten alloys were allowed to solidify, cool down in 
the furnace to about 1150°C and annealed at this 
temperature for 2 hours for composition homogenisation 
and finally cooled down to room temperature. The total 
melting losses amounted to 0,3^ and 0,4^ for the high 
purity and commercial purity alloys, respectively. The 
ingots obtained were approximately 2” dia x 1-|-” long 
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(pure alloy) and 2,3'* dia x 4" long (commercial purity 
alloy) , 


The ingot surfaces were ground on a grinding 
wheel to remove small blow holes, A bigger blow hole, 
about 1 / 8 " deep, formed at the bottom of the commercial 
purity alloy and was eliminated by machining, 

l) Forging of homogenised alloys:- The ingots were 

heated to a temperature about 120CPc in a Globar muffle 

furnace and cast structures of the ingots were broken 

down by hot forging in the temperature range of 

1150°C - 900° G, The forged pieces were made in 

suitable sizes, the high purity alloy was forged to 
1 

a 9,2" X Ig" X i-" size flaf& the commercial purity alloy 
was forged into two x X 0,47" flats, to suit 
subsequent rolling operation. The forged flats were 
cleaned on coarse emery paper. The high purity alloy 
flat was cut into six pieces of about 1 ^" x 1 — x 

O 

size, dlie commercial purity flals were cut into two 
sizes i) li“ X li*x 0.47” and ii) 2.5” x l|”x 0.47", 

O O 

3 .) Solution treatment and aging of commercial purity alloy. - 
Grain stability of commercial purity alloy requires 
proper distribution of inclusions before giving any 
treatment. This is important for primary grain growth 
inhibition which is necessary for ensuring secondary 
recrystallization. In order to find out the distribution 
of inclusions, a piece of hot forged commercial alloy 
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was polished and investigated metallographically at 
500 magnification* The as polished specimen microstructure 
(Fig^9) showed a non uniform distribution of inclusions 
and inclusion sizes were large* in order to achieve 
uniform dispersion of inclusion in the matrix, five 
samples were cut from the forged sample and annealed at 
136 (?C for i- hour, 1 hour, 2 hours &'2|- hours respectively 
and then directly quenched in a bath of icC cold brine* 
Metallographic examination showed that a solution 
treatment at 1350^0 for 1|- hours ( Fig,20) took about 
40-45^ impurities in solution* For determining aging 
time at 1000° to obtain best distributions of 
inclusions^ five more samples were cut from hot forged 
flat, solution treated at 1350^0 for Ij- hour and aged 
at 1000° C for ^ hour, l|-hour, 2 hours, 2-|-hours, 3 hours* 

It was, found that an aging treatment of 2^ hours (Pig^) 
gave a fairly uniform distribution of inclusions, m 
view of these observations, the two commercial purity 
forged samples \7are given sdLuticn ard aging treatment at 
1350° C for l-g- hour, and 1000° C for 2^ hour s^ respectively^ 
in purified argon atmosphere, 

4) Hot Rolling:- Hot rolling of forged high purity alloy 
and forged, solution treated and aged commercial purity 
alloy specimens were carried out in the temperature 
range of 1160° C - 900° C, All high purity samples and 

one commercial purity alloy sample ( specimen I, 1-|-” x 

1h 

1^ X 0,47” size) were hot rolled lengthwise whereas 

O 



im 



Flg» 19 Commercial purity 3,5^ 

Si’-F© 3.11oy ( 

Hot forged 
500 X 



Hot forged and ^utton 
treated at IS^o'^C for 


1|- hrs 
500 X 


Fig. 21 



oimnercial qurity 3.5^ Si-Fe 

lloy ft f«f 

olutlon treated at 1330 C 

or I’l’ at 1000 C 

for 2ihrs 


500 X 
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the other commercial purity sample was hot rolled 
widthwiso (sepcimen II). The specimens were heated 
to 950® C in controlled atmosphere (argon) furnace and 
then heated to 1200^0 in a "Globar” rod muffle furnace 
so as to keep the hot specimen for minimum time in air 
thereby avoiding large scale oxidation. During rolling 
the Specimen temperature was measured by a surface 
pyrometer. The reduction in the first pass was 
invariably higher (thickness reduced by about 0.030”) 
and all subsequent reductions per pass were about 
0.020”. The final hot rolled nominal thickness of 
the high purity samples were cither 0,2" or 0,1", 
whereas the commercial purity samples were hot rolled to 
about 0.',1” thickness. Tbe thickness of all the hot 
rolled products are given in Tables I^and 

The high purity sample on analysis "cing 
vacuum fusion technique a^'Mlable. at N.M.L, , Jamshedpur 
showed Og and Ng contents ^0.006^ and 0,007^; respectively. 

e) Gold rolling and intermediate annealing:- The 
hot rolled samples were c"" caned on coarse eanery paper 
before further heat treatment to remove very thin oxide 
layer formed during hot rolling. The hot rolled high 
purity samples were cut into two or three parts. The 
commercial purity sample hot rolled lengthwise was cut 
into two parts and designated as A^omm and comm* 

Trial runs on both these alloys indicated that these 
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alloys tend to crack when cold rolled at room 

4 - .. • ( 37 ) 

temperature. Hence the alloys were warm cold rolled 

in the temperature range of 400-200°C, The 0,2" and 

0,1" thick specimens of high purity alloj^s were cold 

rolled to 0.1" and 0,035"j respectively. At this 

stage only a few specimens were given an intermediate 

anneal at 950°C for 5 mins, in purified argon 

atmosphere and finally cold rolled to about 0,014", All 

other specimens were cold rolled to the final thickness 

of 0.017" without any intermediate annealing. 

One part of the commercial purity specimen I 
( designated ) was cold-rolled directly to the 

final thickness 0,012" and another part of the same 
specimen ( designated ) was cold rolled to an 

intermediate thickness of 0,030", annealed at 950°C 
for 5 mins, and finally cold rolled to 0,012" thickness. 

The reduction to final size was done through 
a number of cold rolling passes in order to 
maintain the cold rolling temperature. Only 2-3 
passes were allowed between two reheatings. The 
reduction in first pass was invariably higher, about 
0.015"> whereas in the subsequent passes the reduction 
varied between 0,005" to 0,010" depending on whether 
two or three passes were given in one stage of reduction 
before reheating. 



HEAT TREATMENT OF ALLOYS;-. 


1) Matrix Stabilization:- Matrix stabilization is 
essential to ensure secondary recrystalization. To 
have matrix stability in thin high purity Fg-Si alloy 
sheet the grain size should be about one to two times 
the sample thickness?"^ In order to find the time and 
temperature suitable for producing this condition 
few metallographic samples were cut from cold rolled 
product of about 0 •014” and thinned down to about 
0,004”. Specimen T)^ (Tablem) w-as given vacuum 
annealing (about 50/4 of Hg) at 775° C for ^ Hour, 

1 hour, li hours, 2 hours, 2i hours and 3 hours, 
polished (after raounting in bakelite)^ etched and 
grain size was determined by comparing with ASTM 
grain size chart. The absolute value of average grain 
size Was determined from these grain size ( Table Jij) » 
"Since the annealing time found suitable ( 3 hours) was- 
too large and there was possibility of oxidation 
of the thin specimens , specimens were annealed at 980°C 
for 15 to 20 mins. It produced sufficiently large 
grain size comparable with those annealed at 775 C 
for longer periods of time (Fig, 2^, Hence the latter 
temperature and time conditions were used in the 
subseciuent work. 



iSl) 


Table III - Grain size produced in thin 3»5% Si-Pe alloy 
as a result of annealing at different time 
and temperature* 



t'Specimen 1 Annealing jAverase Gr, Size 

S pecimenjthicknessj 
lin inchest 

Temp, I Time 5 AS TM 
°C 1 Hrs. size 

{Gr. diameter 
tin inches 


0,003 

775 


8 

0,001 


0,003 

775 

f 

8 

0,001 


o.oog 

775 

1 

8 

0.0014 

D 

0,003 

775 

li 

7 

0,002 


0,003 

775 

2 

6 

0,0028 


0.003 

775 

2i 

5 

0.0038 


0,003 

775 

3 

4 

0,0057 


0.003 ' 

775 

Si 

4 

0.0057 

A 

0.003 

950 

15 mins 

2 

0.008 

E 

0.003 

950 

15 mins 

2 

0.008 
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22(d) High purity 3,5^ 
Si-Fe alloy (Ag) 
annealed at 
950°C for 15 mins 
100 X 







2) Primary lie crystallization: The cold rolled high 

purity and commercial purity samples ■vorere cut into 

specimens 1,26” long z Ig." wide. Two specimens of 

were primary recrystallized at 775°G for 2^ hours in 

purified argon atmosphere. The other specimens were 

thinned down to about 0,004” and given a primary 

recrysiiallization treatment in vacuum of about 60 microns 

of Hg at temperatures varying from 950°C - 980^0 for 

15-20 mins. The details of the treatment given to 

the specimen are shown in Table I , 

B 

A few commercial purity specimens of both 

■^Comm ^Comm thinned down to about 0.004” and 

recrystallized at 750^0 for 2 hours and a few specimens 
of these samples, without thinning, were recrystallized 
at 750°C for 2 hours in vacuum of 40 microns of Hg, 

Secondary recrystallization; All high purity 

j 

specimens were recrystallized at 1150®C-1200°C for 2-10 
mins, in vacuum of about 50 microns of Hg, The two 
primary recrystallized specimens (specimen D ) were 
secondary recrystallized, one at 1050®G for Sf hours 
and the other at 1100®C for 4 hours in a purified argon 
gas atmosphere. 

Commercial purity thinned and primary 
recrystallized specimen were secondary recrystallized 
at 1150®C for 5-10 mins. Two thick samples ( 0,012” ) 
of J primary recrystallized at 75cPc 

for 2 hours; were secondary re crystallized at 1150°C 
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for 4 hours in vacuum of the order of 50 microns of 
Hgj and two other similar specimens each from and 

^Goramj"'^®^® secondary recrystallized in purified argon 
gas atmosphere at 1150^0 for 4 hours. In the latter 
case before flushing argon a vacuum of the order 
of 60 microns of Hg was achieved in the heat treatment 
tube « 

I 

, The accurate determination of texture by 

transmission method requires thin specimens so that •the 
value of /it ( where p. = linear absorption coefficient 
and t is thickness of the sample ) is about one. This 
required specimens of thickness ranging from 0,003” 
to 0,004”, Preparation of specimens of .003” thickness, 
uniform over a whole area of 1” x 1” is difficult and 
hence considerable experimentation had to be done. 

Careful mechanical polishing was tried first, but the 
main draw back of this procedure was that it was too 
time consuming, laborious, and the final thickness 
achieved was invariably quite large, about 0,008”. 

For quicker means of specimen thinning from about 0,014” 
to 0,003”, both chemical and electrolytic etching methods 
were tried. The electrolytic etching set up was made 
by fixing two parallel stainless steel cathodes at a 
distance of 2” from each other and the specimen to be 
thinned, the anode, was placed between them at a distance 
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of 1" from the cathodes. Several solutions were 

tried, for chemical and electrolytical thinning 

and their respective effects are tabulated in 

Table and IVg The best solution for cold. 

rolled specimen was fresh etchant E for thinking 

directly from about 0,014” to 0,002”, The 

seme solution, however, was found unsuitable for 

producing very thin specimen out of recrystallized 

samples 5 the smallest thickness that could be 

produced without producing pits and holes was 

0,005”, The etchant E kept for a long time, 

however, was suitable for thinning down commercial 

purity alloy samples directly from 0,012” to 

0*003”, The rate of reaction wasj however, reasonably 

slow. 


For the texture investigation the procedure 
adopted for thinning the cold-roHed and 
recrystallized samples were, 

1) Gold rolled samples of both high purity 
and commercial purity alloys t- chemical 
thinning by etchant E to the final size, 

2) Re crystal Used samples: 

a) High purity specimens were thinned down 
to 0,005” by solution E, followed by careful 
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TABLE TV^ 

Electrolytic thinning solui;lons u sed and their 

Characteristic^ 


1 KElectro thinning conditions! 

No, Current 1 y | Performance and 

1 Electrolyte | density t wnitf ^ characteristics 

Jl i amo/sa.cm. ! vomus ^ 

'hromic- Acid 

100 gms/lit of 

HgO 

6-8 

10-12 

Very slow reaction, 
heavy cathode corrosion, 
localized pit formation 
in specimen 

B Citric Acid 
lOgm/lit of HgO 

Nad lOOgm/lit 
of HgO 

Hcl Few Ml, 

8-10 

10-13 

Fast reaction, very 
rapid reaction at the 
specimens edges. Cold 
rolled specimens are of 
uniform thickness(except 
for the edges) and 
without pits. Pits form 
in recrystallized 
specimens. 

C HNO^ 10ml 

HF 20ml 

Glycerol 20-40 ml 

7-12 

5-11 

Fast reaction, localized 
pit formation in 
specimen. 


TABLE IV_ 

B 


Chemical thinning 

solution used and their characteristics 


1 

No J Solution 
_][ 

Performance and characteristics 


D HNOg 5ml 

Alcohol 100ml 


E HNO3 30ml 

Acetic Acid 10ml 
HCl 30ml 

HgO 30ml 


Very slow reaction., composition change 
rapidly due to evaporation of alcohol, 
suitable for removal of small amount of 
material from both, cold rolled and 
recrystallized specimens. 

Very fast reaction, uniform thinning of 
specimen all ovei, no preferential 
reaction at the specimen edges, ho pit 
formation for cold rolled specimen even 
down to specimen thickness of 0,002", 
pits form in reciystallized specimen of 
thickness 0.005". 
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niGchanlcal polishing to 0,030" and followed by 
etching chomically with etchant A, 

b) The commercial purity alloy samnles were 
chemically thinned by aged etchant E to 0,030", 

(C) TEXTURE DETBRMIMTIOr ; 

Texture determination involved: 

1) Determination of ?hkl)‘ 

2 ) Determination of /Ut of each specimen, 

3) Determination of Intensity correction factor, 

4) Measurement of intensity data and plotting 
the pole ^figure, 

1) Determination of Since (110) reflection 

x«ras chosen for texture work for both high 
purity and commercial purity specimens, ®(iio) 
was determined by powder diffraction technique. 

The high purity alloy powder was prepared by 
filing with a jeweller^ s file and annealed 
at 800*^0 for 2 hours in an evacuated and 
sealed silica capsule. A specimen for back 
reflection focussing camera was prepared using 
the annealed powder. The highest a,ngle 
p 0 j[']L0C tion of the diffraction pattern vj'as 
used for the lattice parameter determination. 
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Mo radiation was used for this purpose. The lattice 
parameter determined gave the 20 to be 19,95°, 
For the commercial purity alloy the Bragg angle was 
determined by the diffractometer and 26^^^^^ was 
found to be 20,05°;, 


1) Determination of/utt The value of /it for each 
specimen is required for the evaluation of the 
corresponding correction factor R, /it of specimens 
was determined by using a strong diffracted beam from 
a Parmaquartz specimen ( 20 = 12.15° ) and measuring 
the intensity of diffracted beam with and without the 
specimen in the path of the diffracted x-ray beam. 
Then using the general absorption equations_, 
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where and are the intensities of incident and 
transmitted X-rays respectively,/! is the linear 
absorption coefficient and t is the specimen thickness, 
thc’/it was determined. 


^ Determination of correction factors In the 
transmission technique of texture determination, as 
the specimen is rotated, the path length as well as 
the diffracting volume vary. Therefore, the measured 
intensity requires correction so that the intensities 
for the different orientations of the specimen can be 
compared with each other. Theoretical calculations 
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of the correction factor has been made by Decker, 
Barker and Asp'^^hhioh Is given as: 


"o = H. 


where 


R = I / = -hf.t CosqI 


O/l+QC 


■ Cose 


X 


[Gos(e+(X)/Cos(0 




m 


- AL ..A 1 - exB 


r 


Cos (04^^ ^ 


, 1 ] 

CoS( 9 ' 75 <.) J 


(+) sign is for anticlockwise ‘ rotation of ot from zero 
position. 

(-) sign is for clock'J'ise rotation ofotfrom zero position 
and 

^c “ ^(corrected) 

~ ^(measured) 

& = Bragg angle for (hkl) plane used for texture xfork, 

OL = rotation of specimen around the diffractometer axis. 

jol = Linear absorption coefficient, 

t = Specimen thickness. 


The value of R ( for were calculated 

(Appendix I) using IBM 7044 digital computer for 
variable yUt and variableCxl(from 5° to 50°) using 
©( 110 ) determined experimentally. Since the difference 


between the 20 


( 110 ) 


values of high purity and commercial 


purity alloys was very small and is not expected to show 
large change in the value of R, so the calculated values 
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of R for high purity/ ailo^?- specimens were also 
applied to the commercial purity alloy specimens, 

R as a function of^t for constant c>^ and R- as 
a function of oC for constant^t have been plotted in 
Figs 2^ so that the extrapolation of the data 

for intermediate values of Wo could he easily made, 

^ Measurement of intensity data and plotting of 
pole figures; For a given Fe-Si specimen, the 
counter was fixed at the correct 2 e^ 3 _ 3 _Q^ to redeive 
the diffracted beam corresponding to the (110) 
reflection and the specimen in the goniometer was 
positioned initially with the rolling direction 
vertical i, e,; coincident with the diffractometer 
axis, and with the plane of the specimen bisecting 
the angle between the incident (So) and diffracted (S) 

* beams (Fig, 15 ) , lh.is corresponds to £>0= 0° and 0 = 0°* 
For obtaining good intensity and less '^f scatter the 
diffractometer conditions found most suitable were the 
following; 

Slit at the source - 1*^R Sollar Slit. 

Slit at the Counter — 0,2® and MR Sollar Slit 
Counter;-* Scientillation counter (Counting 
efficiency 100^ for Mo radiation) . 

Voltage - 35 Kv. 

Milli amperes - 15 Ml. 

Preset time - 100 Seconds. 



Value Of d. 










( 64 ) 


With a 1 rmp motor and the 100 seconds 
counting time 6 to 7 oscillations could be given to 
the specimen. To explore a quarter of a pole figure 
specimens were surveyed usually at 5° intervals of 
-Odup to 50^ for fixed 0 and 10*^ intervals of +0 up to 90° 
for fixed -oi. Only quarter of pole figure in each 
case was determined. In the regions of high intensity 
or drastic changes in intensity over smaller angular 
regions, intensity data at smaller angular intervals 
were taken. The data collected in terms of counts y^sec, , 
which are propertional to pole densities, were corrected 
making use of the respective /at of the specimen and 
the value ofo< involved in the measurement. The 
corrected values were plotted on a polar (equatorial.) 
stereographic net drawn at 2° intervals (Fig, 26). 

To plot the pole of the reflecting plane on 
the pole figure, it is evident that it coincides with 
the left cross direction for the initial setting 
i.e, when«L = 0 = 0°, A rotation of the specimen by 
+ 0 degrees in its own plane then moves the pole of 
the reflecting plane 0 degrees around the circumference 
of the pole figure and a rotation of --o< about the 
diffractometer axis moves it -o< degrees from the 
circumference along a radius (Fig, 27) , In this way 
all the corrected data were plotted on the pole figures 
using the respective 0 and-oC values, and contour lines 
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pass'^ng through equi- intensity points were drawn to 
indicate the pole densities. The pole figure was 
interpreted with the help of a single standard 
stereogram showing [no] poles for different planes 
of projection (Fig ^8), 




Polar (equatorial) stereographic net drawn to 2 ” intervals. 
Mfd. by N. F. Nies, 969 Skyline Di., Laguna Beach, Calif. 







(b) 


Fig. 27 . Angular relationships in the tranmission pole 
figure method on the stereographic projection 
(On the projection the position of the reflecting 
plane normal is shown for <p = 30° and c( = -30°) 



Location of [llOj poles 




17 RESULTS AlTD DISCUSSIOH 



Results and Discussions; ■ 


Two Fe-Si allots-, high purity and commercial 
purity, containing 3*5/fei'Ke3B processed through hot 
forging and hot rolling followed by cold rolling p 
through an intermediate annealing or no intermediate 
annealing. Details of the forming treatment schedules 
are given in Table and respectively. The specimens 
were then primary recrystaRlized and secondary recrystallized 
as given in Table and IL. For each of these specimens 
texture was determined, the details of which are shown in 
Tables and and in Figs, 33 to 62, For the high purity 
alloy the most suitable primary recrystallization annealing 
treatment was determined by finding, time and temperature 
which produced stable grain structure. The details of 
this study is shown in Table III_ and a few representative 
micro structures are shown in Fig,22, The chemical and 
electrolytic etchants tried for the specimen thinning and 
their respective performances are given in Tables IF^and IVg, 

The commercial purity alloy was prepared with 
a steel supplied by Hindustan Steel Ltd. The steel 
contained a higher amount of C (.029^0) than is usually 
desired «0.01^ ) in grain oriented alloys. The effect 

of increased carbon concentration -“t 

increases the hysteresis loss (Fig. 29) and 2) it affects 
the Y loop of Fe-Si system (Fig. 30). From Fig. 31 it 
is clear tliat small changes in foC can cause large extension 
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Table - Gold rolling schedule of High Puri ty 
375^ Si3^6. "Alloy ^ 


JCold Rolling ^Intermediate I Final^cold K 


IrolledI 

Speoimenlthlok-lpinal IS 


I Rolling 


tnesslnlthiS-li % 

iinchesjj^ggg Red. 
linchesx 


I Annealing. 

1 I I'Final I 

I Temp. 5 Time i thick- 5 % 

X °C I Mins. Inessin I Red. 

J S line he 


J Total 

'I 

I Red. 

I 

I 


A 

a 

0.202 

0.104 

49 

950 

5 

0.017 

83 

91 


0,202 

- 

- 

~ 

- 

0.017 

91 

91 

^a 

0,105 

0.037 

65 

903 

5 

0,014 

54 

87 

E 

a 

0,106 

0,38 

65 

950 

5 

0.015 

54 

86 


Table II - Cold rolling s c hedule of Commereial Pnrit?;' 
^ 3.5^ Sl-Fe Alloy 


7 Hot ’’ I^old Rolling J " Internied'iate Final cold \ 

irolledi Annealing Rolling I 

Spec imenithic k-|Final I f 1 iFinal I | Total 

jness inIthickn-X % 5 Temp.][ Time Hhickn-5 $ \ % 

|inches5ess in $ Red. 5 \ Mins. less in Ired.l Red. 

I Sinches I I | line he s I I 


■^Gomm. 0.102 


0.012 

88 

88 

0.012 

60 

88 


BComm. 0.102 0.030 70 


950 


5 
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Table - Primary & Secondary recry stalllzatlon schedule 

for high -Durlty 3>5% Si-Fe,." Alloy," 



r — 


Recrystaliization 



SiDecimenl, 

Primary 

. 1 

Secondary 

1^0*0 

X c« 1 


I Temp 

ATL:Q 

X Atmos- 5; 


i Time 

5 Atmos- 

1 


I OC 

iMins, 

Sphere 

OC 

jMins , 

jphere 

5Po1o fisuro 


- 


— 

- 

- 


33 


980 

20 

*Vac, 

- 

- 

- 

34 

A. 

980 

20 

Vac , 

1150 

2i 

Vac , 

33 

a 

980 

25 

Vac, 

1150 

3 

ac « 

36 


980 

30 

Vac, 

- 

- 

- 

37 


980 

30 

Vac, 

1150 

3i 

Vac , 

38 



- 

- 

- 


- 

38 


980 

18 

Vac, 


- 

- 

40 


980 

18 

Vac, 

1150 

O 

Vac. 

AX 


- 

- 

- 

- 

- 

■ - 

42 


750 

150 

Argon 

1050 

225 

Argon 

43 


750 

151 

Argon 

1100 

240 

Argon 

44 


- 


- 

- 

- 

- 

45 

D 








a 

950 

20 

Vac . 

- 

- 

— 

46 


950 

20 

Vac. 

1200 

5 

Vac. 

47 


950 

120 

V 3,C . 

- 

- 

- 

48 


950 

120 

Vg,_c. 

1200 

8 

Vac, 

49 


- 

- 

- 

- 

- 


. 60 

®a 

900 

15 

Vac, 

1150 

5 

Vac* 

SX 


980 

IS 

Vac. 

1150 

6 

V 8C * 

62 


* V acuum 




Table II - Primary & Secondary re crystallization schedule 
■Pe r Ccm-:ercial -purity 3.5^' Si-Pe . .aioy 


1 



Recrystaliization 


JFlgure Ho, of 
!cor re spending 

« pole figure 

Specimen! 


Primary 

1 Secondary 

1 

I 

Temp 

. 5 Time 
iMins . 

lAtmos- 

_l-ph6re 

•5 Temp, 

I 

# Time 

I Mins. 

Jltmos- 

fchere 




mm 





m 


750 

120 

* Vac, 

- 

- 



S4 


750 

120 

Vac, 

1150 

5 

Vac, 


16 

^Comm* 

750 

120 

Vac, 

1150 

10 

Vac, 


66 


750 

120 

Vac. 

1150 

240 

Vac, 


6 ? 


750 

120 

Vac, 

1150 

240 

Argon 

m 


— 

— 

— 

— 

- 

- 

69 

750 

120 

Vac, 



— 

ipyr 

Comm, 750 

120 

^^a c • 

1150 

10 

Vac, 

61 . 

750 

120 

Vac. 

1150 

240 

Vac, 

WS 


* Vacuiim 




Table I, 


Textur e of cold rolled. Primary recpy.qtnl lized 
and se condary re'c rystallized" ST^eciTneinR ' n'f hiVh 
burlty 3.5i k-Fo Ailgy 


C " 


' ' iFigure No. of T 
Se pc le enjcorre spending 5 


Texture 



33 

Strong (100) Coi5 texture .with spread 
about 10° around R.'D, and C*D, central 
peak 10° off from. ideal position 


34 

( 100) rbllj texture , weaker in C.D, ^^^ith 
Centr^ peak disappeared. Texture more 
random than cold rolled texture. 


35 

Strongly developed (100) HdIII texture, 
with Central peak off b^ 10° from 
ideal position. 

36 

Very strong (100) fol5 ideal cold rolled 
texture with very little spread around 
R.D, and G.D, 


37 

Texture similar to 20 mins.primary 
recrystallized specimen, but with pole 
density stronger around R.D, and low 
intensity central peak 


38 

Very strong (100) fOl^ ideal cold rolled 
texture 


39 

Strong (100) g)lii texture with some ^read 
inppole densities around R.D, and C.D. 

^b 

40 

Strong (100) |)13) texture with more ^read 
around R.D, and C.D, than the cold rolM 
state. Central peak weak and displaced 
from ideal location. 


41 

Strong (100) |)13i texture with some^xread 
around R.D, and C.D, All pole densities 
(at the ideal locations) are equally 
strong. 


D. 


42 

43 

44 


Weak (100) ^lii texture with central peak 
missing and scater about R.D, and C,D. 
is considerable 

(100) texture ^th central peak of 
low iirtensity and ^ off from the ideal 
location. 

Weak (100) g)l3 texture similar to 
specimen recrystallized at 1050°C.with 
central peak of slight more intensity 
but shifted 10° from ideal location. 
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IFigure No, J 
Specimen|of cor res- ][ 
f ponding t 

Ipole figure 0 


Texture 



Table II 

C 


■Sextu re,. of cold rolled, primary recrvstalU zed 
sgco.ndary recrvstalllzed specimens ol 

^ /i» -vl ^ - - V*' • '' '1— "J, 


iFigure IIo. 5 

Speoimenjof corres- 5 

5 ponding 5 ^ xtu_e 

is pole figure! 

53 

Srtong (100)1 013 ] texture with small spreed 
around R.D, aTnd'C.D, 

54 

Strong ( 100 ) fOli^ texture but with slight 
spread about C,D, and weak central peak 

55 

Strong cold rolled texture with spread around 
both R,D. and G,D, and central peak slightly 
weak. 

56 

Similar to specimen secondary recrji^stallized 
for 5 mins with improvement in central peak 
intensity. 

57 

The intensity at C.D, considerably increased 
and peak at R.D, almost elj^minated. The 
texture is strong (110) [p0!y with central peak 
off from ideal position by about 15°. 

58 

Similar to vacuum annealed thick specimen but 
with central peak off from ideal position 
by 10°. 

59 

A fairly strong colled rolled texture with 
spread about 10° aroimd R.D, and 20° around 

C.D. 

60 

Weak cold rolled texture considerable 

scater around R.D. and C.D, and very low 
central peak intensity. 

^Comrn* 51 

Strong cold rolled texture compared to 
primary recrystallized state with lange 
spread around R.D. and C.D, 

62 

Intensity at C.D. considerably increased and 
intensity at R.D. decreased indicating possi- 
ble development of cube-on-edge texture. 



TABLE V 


Comparative study of the intensity data 
for specimen A CsecoPidarv recrystallized 
for Sj- mins* ** ) ^due to scintillation and 
^ ' proportional counter*^ 


Setting 

of Goniometer 

5 Measured intensity in counts /Sec. 

iHHHSSiil 



{ Scientillation 1 

Proportional 



^ Counter 

1 

Counter 

0 


0 

3763 


1833 

0 


+90 

3815 


1994 

-45 


+45 

3651 


1853 

-50 


0 

22 


101 

-50 


90 

17 


100 


* For specimen refer to Table 

** For pole figures refer to Figs, 38 and 64. 






Fig.37 Specimen 3.5 % 5i-Fe 
alloy, cold roiled, P.R. at 
980 °c per 30 mins. 


3400 


50 40 



Fig.35 Specimen 3.5 % S{-Fe\ 

alloy, cold rolled, P.R. at 980 
per 20 mins S.R. at 1150 ®c 

per 2 T mins. 




F\g.56 Specimen 3.5 7o Si-Fe 

alloy, cold rolled* P.R. at 980 "c 
for 25 mins. S.R. at 1150 °c for 
3 mins. 


3450f^<^; 


OV CM 


Fig.ss Specimen A^*- 3.57o Si-Fe 

alloy, cold rolled, P.R. at 980 ®c 
for 30 mins. S.R. at 1150 °c for 


\ooo 










Fig.47. Specimen D^*. 3.5 7o 5i-Fe 

alloy, cold rolled, P.R. at 950 °c for 
20 mins. S.R. at 1200 °c for 5 mins. 



7 

7 

\y/ 

o 

\{ 


o 

W 

// 

cn 







Fjg.4(. Specimen 

alloy, cold rolled, RR. at 950®c''^l 
tor 18 mins. S.R. at 1150 °c for 3 mins 
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Specimen Dq’ 3.5®/® Si-Fe alloy, cold rolled 
P.R.at 750®c for2|hrs.in ar^n,S.R,at 
1045 ®c for 3t hrs. in argon. 


099 647 


Specimen Si-Fe aUoy, cold rolled 

P.R.at 750°c for Zjhrs. in argon, S.R. at 
1150 °t for 4 hrs. in argon. 








Fig.43 Spedmen Dqi 3.5®/* Si-Fe cold rotted* 

P,R. at 750 *c for 24hrs. in argon, S.R, at 
1045 ®c for 3^ frs. rn argon. 



; ' , , . . R.D.' 

Fig -44. Spcdrmn D^?3.5®/i> Sir^Fe alloy, cotd rolled. 

P.R.at 750 ®c for 2|hrs. m argon, SR. at 
1150 for 4hrs-in argon. 


351 


fig.43 Spedmen D^,3.5”/o Si-Fe 
atloy» cold roiled. 



Frg.4tf Specimen DqI 3.5% Si-F<? 
alloy, cold rolled, P.R. at 
950 ®c for 20 mins. 






(415 


Fig. 48 



Specimen Dq'. 3.5®/© Si-Fe alloy, 
cold rolled, P.R. at 95D°c for 2hrs. 













Fig,53 Specimen 3.5 % Si~Fe alloy, cold 

rolled, P.R. at 750 “c for 2 hrs.>5R at 


1150 


for 5 mins. 




Ml 



Specimen 

Sl-Fe alloys cold rolled j P.R. at 

750 ‘^c for 2hrs.>5R at 
1150®c for 10 mips. 





Figjfi Specimen 3.5 % St-Fe ' " 

alloy, cold rolled, P.R. at 75C “c for 
2 hrs., S.R. at 1150 “c for 4 hrs. In 
purified argon atmosphere 



“ig.57 Specimen A 



comm 


,3.57o 


Si-Fe aIloy*cold rolled, P.R- 
at 750*c for 2 hrs. S.R. at 1150 “c 
for 4 hrs. in vacuum. 


Fig.i^ Specimen , 3.5 “/ 

Si-Fe alloy, cold rolled 




Spedmem 

3.5 7o Si~Fe alloy* col 
rolled* P.R. at 750®c for 2 hrs. 






specimen Aa 3.5 7o Fe-Si ^ 
alloy P.R. at 980 °c for 30 mins 
S.R.at 1150 ®c for 3 4 mins. 



Fig. 63 Specimen M Imported 

grain oriented 37o Si-Fe 
alloy obtained from Mahindra 
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Fig* 29. Effect of Impurities on the Change in Hysteresis 
loss (with respect to pure Pe) of A$ Si-Fe 
alloy at B=10000 Gauss* 

Fig* 30* Fe-Si phase Diagram* 

Fig, 31* Modification of Fe-Si Diagram with variation In 
C concentration. 

Fig* 32(a) *Hysteresis loss coercive force Total loss 
and Maximum permeability as a function of Si 
content for hot rolled commercial Si-Fe alloys* 
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Pig* 32(b), Average grain size vs* Annealing temperature for (A) 

high purity Pe-Si alloy containing 3,3^ Si and ,003506, 
(B) Fe-Si alloy containing 2,84^ Si, 0*046^ S O.OO6J0C 
and 0*110 % Mn, Curve (A) is typical of normal grain 
growth process and cur^e (B) is typical of abnormal 
grain growth process. 

Fig, 32(c) .STfect of sulphur on the formation of cube 


texture, ^ 
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of Y and C>< + )^ region and this will cause heat treatment 
difficulty because the recrystallization temperature 
falls in the loop. However, with ,029^ C and as high 
as 3,5^ Si is not expected to extend the loop too far* 
Hence no difficulty is expected in heat treatment* 

From Fig, 29, we find that the variation in 
hysteresis loss in Fe-Si alloys in the range of 0.01^ C 
to 0,03^ C is rather small compared to the range of 0,0^C 
to O.Ol^C. Since as large as about 0.01^ G is used for 
the production of grain oriented steel, in the present 
study no attempt was made to bring doT.-m the $ C 
by alloying the available commercial material with 
high purity Fe. However, since Si was added to increase 
the level of Si concentration, the ^ C is expected 
to go down slightly. Because of the higher % C, however, 
the total loss due to slight higher $ C will not be too 
different from that of 0,01^ C* Further, increase in 
silicon content to 3,5^ than the usual 2$ Si content 
will nullify to some extent the effect (hysteresis loss) 
due to increased % G (Fig,32) * Ihe Mn, S, P, contents 
of the alloy ( 0.21^ Mn, 0,027^ S and 0.025^ S ) are 
also slightly higher than the usual contents (Mn 0,015^ 
s o;oi^ and P in the grain oriented steels. 

A slight higher Mn and S may be tolerated in producing 
grain oriented steel provided these elements can be 
retained as dispersed Mangnese Is 



practically inert as far as magnetic properties are 
concerned (Fig, 29) and is known to improve the 
ductility and workability of the alloy especially at 
higher temperature! .^Sulphur when in dissolved state 
in Pe-Si alloys has detrimental effect on both 
magnetic properties, (Fig, 29), as well as secondary 
recrystallization process (Fig, 32). But when present 
as MnS, it helps stabilization of grain structure in the 
primary recrystallized stage , Phosphorous improves 
the hysteresis loss, (■'^ig.29), and takes care of oxygen 
because of its strong affinity for it^^^\ Thus the 
supplied commercial alloy may be suitable for grain 
oriented material of practical importance. However, 
still better material will be Fe-Si alloy containing 
less than 0.01^ C, 0.015,^ S, 0.01^ P and 0.015^ Mn; 
smaller the carbon the better. 

The stabilization of grain size during primary 
re crystallization was achieved by determining suitable 
time and temperature for primary recrystallization of 
pure Fe-Si alloy. As suggested by Beck^^®^ and 
Walters^^^^ stable grain size was found by annealing 
for atleast 3 hours at 775°C or 15-20 mins, at 950°980®C 
the grain size was approximately 2^ times the specimen 
thickness. In some cases, however, due to delay in 
taking the specimen out from the furnace, primary 
recrystallization has been done a.t 960^0 for rs long 
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as CO mlm . . Fiedler^^'^ with an alloy containing 
3,27^ Si, 0,06^ Mn, 0,004^ C, 0,026^ S showed that at 
or above 1300^0 the MnS inclusions can be dissolved 
and more uniform precipitation can be achieved by air 
cooling at the rate of 1509;?/ min or by brine quenching 
followed by high temperature aging. In the present case 
a solution treatment at 1350^0 for 1-J- hrs, was found to 
dissolve 40-45^ of the inclusions (Fig, 20), Specimens 
when annealed for different times at 1000*^0 followed by 
air cooling showed a good and uniform distribution of 
inclusions (Fig, 21) for annealing time of 2|- hrs. , 

Compared to Fiedler's data the inclusions in the present 
case were more in amount. As observable in the Figs- 19 & 20 
all inclusions did not go into solution as it happened 
in Fiedler's alloys. This is possibly because the 
amount of Inclusions \^ere more and the time allowed was 
not sufficient to take all these particles into solution^ 
or it may be due to insoluble inclusions other than Mrfi 
being present, No attempt was made to take all the inclusions 
into solution because in that case all of it would be 
reprecipitated as uniformly distributed inclusions and 
it might have caused adverse effect due to too many fine 
inclusions being present. The heat treatment used was 
found at a later stage to be suitable for producing the 

desired texture* 

Hot rolling of material does not produce 
preferred orientation^^^^ , The hot rollings and hot 
forging were primarily used to bring down the size of 
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Ingots to the workable sizes. Preliminary cold-rolling 
studies with high purity 3,5^ Si-Fe alloy indicated that 
it behaves slightly different compared to high purity 
Si-Fe alloy^'^^^ The essential difference being that 
2>fo Si alloy was •MSTkaiOe ‘at all temperatures whereas Si 
alloy was workable only at elvated temperatures. Since 
no data on 3,5^ Si alloy is available in the literature 
it was thought appropriate to investigate the effect of 
1) straight rolling to final thickness 2) One intermediate 
annealing followed by a) heavy reduction (more than 
and b) critical reduction (about 50-60 %)• 

Since Fe-Si alloys are bcc, the strongest Bragg 
reflection is the (110) reflection, Iforeover, since the 
transmis^n technique was being used, it was necessary to 

c* 

find in the pole figure as many ideal j^llC^ pole locations 
for the (110) [OOi^ texture or the (100) ^1^ texture as possible. 
Because of these facts (110) pole figure was chosen for 
representing the texture of the Fe-Si alloys. One of the 
limitations of the transmission goniometer is that the 
investigation can be carried out only between©4= 0 to 
40° or 50®. The highest angle ( 50°) is permissible 
provided that the frame of the goniometer does not 
obstruct the diffracted beam. To achieve this condition 
Mo radiation was chosen so that the Bragg angle 6(3 ;;;lo) 
was small. This allowed rotation of the sample up to 
55®, Moreover, Mo radiation had the added advantage of 
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low absorption in air compared to the other radiations 
of longer wave lengths. Since Mo radiation was used, 
for better counting efficiency a scintillation counter 
('-^100^ efficient for Mo radiation) was used. The texture 
study of high purity alloy specimens was carried out 
using Scientillation counter, but the commercial purity 
alloy specimens were studied using a Xenon filled 
proportional counter because the scientillation counter 
went out of order. The proportional counter is about 
4 . 0 % efficient for Mo radiation. Hence, the intensities 
of different pole figures, expressed as count s/second, 
cannot be directly compared. It will be, however, 
possible to compare the intensity variations in two pole 
figures by comparing the ratio of intensities^ of any 
pesition with respect to a fixed position, of one pole 
figure with that of the other pole figure. Table Y shows 
the effect of use of the two counters for a given specimen, 
Pole figures of cubic metals and alloys are usually 
symiretrical around cross direction and rolling direction, 
Henco it is not necessary to plot Intensity data in 
a full stereogram. In the present case also, preliminary 
tests for plotting half of the pole figure showed that the 
pole figure is symmetrical around the cross and rolling 
directions. Hence only one quarter of the pole figure was 

determined for each case* 


The ideal (100) j^ll texture will show three 



( 103 ) 


intensity maximaj atC^) ^ - 0^ fO^= 0° i.e. coincident 
with the cross direction (C.D.), 2) 0 ^.90°, ai= 0° 
i.ei» coincident with the rolling direction (R,D,) and 
3) 0 = 45°,C<= -45*^. For easy identification of 

the peak at(y'= -45° j 0 = 45*^ it has been called the 
central peak. The ideal (110) [po^ texture will show 
only two intensity maximas 1) = 0° 0 = 0° and 

2 ) 0(.= -30 j 0 = 45°, To interpret the pole figures, 
a single standard stereogram showing only the [iK^ pole 
locations for the (001), (110), (ill), (112) and (130) 

. tandard projections. (Fig, 28) was used. Follox^ing 
the genera^ convention, the textures wore interpreted in 
terms of the ideal texture even when there x;as considerable 
deviation from ideal behaviour. 

The cold rolled texture produced in high purity 
Fe-Si alloys can be divided into tx-ro basic groups, those 
X'j'hich were given heavy ( more than 80^ final reduction 
and those which x-j-ere given just the cr tical amount ( less 
than 50 fo ) of final reduction. The cold rolled texture 
for heavily rolled material was found to be sharply 
developed (100) (Oi:^ texture xirith uniform spread, varying 

from 5° to 10° aroxmd the R,D, and C.D. (Table Fig. 33, 39) . 

The central peak, however , was foxmd to be comparativeljr quite 
sharp i.e. with less spread. The specimens and 
(Table I«) were both cold rolled to the same amount but 
went through an intermediate annealing stage. The final 
reduction of A^ was slightly lox^rer than the specimen A.j^ , 

The textures of these two specimens (Table Figs, 33,39) 
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were found equally sharp with only a minor increase in 

spread for the specimen. This showed that the intermediate 

annealing has practically no effect on the texture produced 

so long as the final reduction is very high ( above 80^), But 

when the fo^yi reduction is small, less than 60^ (specimen Dg_ 

and E ) , the cold rolled texture developed was weak with 
a 

large spread around the R.D, and C,D. and the central peak 
was also weak(T.able 1^, Figs .42,45 ,50) , The similarity between 
the textures of specimens and E^ (Table jFigs,45,60) 
indicates that the texture was reproducible^ even through the 
subsequent heat treatments. The cold rolled textures of high 
purity alloys are in agreement with the v/ork of other 
investigators is for example, Dunn^^^ reported sharp 

(100) |pi5 texture at and above 10% reduction. Brown’ s^^^ work 
also indicate that in one stage process of 15% reduction or 
10% reduction following an intermediate annealing produces 
sharp (100 ^l| texture, whereas a two stage process 
involving an intermediate annealing followed by 50-60^ 
reduction produces complex duplex texture. In the present 
investigation, however, no duplex texture could be seen and 
this is possibly due to the difference in composition of the 
alloys. The cold rolled texture is dependent on composition 
can be seen by comparing the present data* with that of 

Narula^"^^^ . 

The primary recrystallization textures of heavily 
cold rolled (83^to 91,^ specimens A^ and showed that the 
cold rolled textures were retained as strong textures but 
with small decrease in pole density around the C,D.. This 
treatment, however, caused larger spread around the rolling 
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and the cross directions than that produced In the cold roUed 

state. The central peak In these oases was either completely 

eliminated or became very Insignificantly low In intensity 

(Table Figs. 34 , 37,40). Primary recrystalliaation of 

specimen (64? final reduction) at OSO^O for 15-20 mins. 

showed weak cold rolled texture with about a 10® shift of peak 

positions away from the R.D. and with no trace of the central 

Peak (Table Pigs.46). These observations on primary 

reorystallization texture of 3.6? Sl-Fe aUoy^ are similar 

to the observation of Brownf®^ , Fledler^^' , May and lurnbull^^^, 

C2O) * 

Ounn and Walters , that the texture becomes more random on 

primary recrystallisation. However, unlike the observations 

on other Pe,Bl alloy data(9>12) 

sPGCimens retained strong (100) joi^ texture* This 

behaviour Is similar, however, to that pf Mq whic^ also shows 

strong (100) [ol^ texture in hqth cold rolled and annealed 

(44) 

state » A very marked behaviour of specimen D , which was 

3 . 

given only 54^ final reduction, was that the specimen annealed 
for very long time (2 hrs.) produced considerably sharper (100) 
1^13 texture than the cold reduced state. The texture of this 
s pec imen, however , was very much weaker than the heavily cold 
rolled material; 

The high temperature annealing treatment, which is 
called here secondary recrystallization, of heavily cold rolled 
and primary recrystallized specimens of high purity alloy 
( Table and Ig) showed strong cold rolled texture (100) joi^ 
with the central peak at the ideal position (Table I Figs ,36, 
38,41), On the other hand the^ecimens of high purity alloy 
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cold rolled in tvo stage process (Table on secondary 

re crystallization produced some ¥hat improved ( 100 ) |pi^ 
texture than the primary recrystallization textures (Table 
■pigs ,43 j44j47,52) , However, the improvement was not very 
strikingly significant. The specimen D ^primary recrystallized 
for 2 hrs,jon secondary recrystallization produced a very sharp 
(100) [015 texture (Table Fig. 49). The reason for this 
behaviour is not apparent because whether the specimen is being 
recrystallized at 950°C or 1150°C the change taking place 
appears to be similar to primary recrystallization. From this 
point of view the texture should become random as is obtained 
in 3fo Si-Fe alloy^’^*^^ . The present data on high purity 
3,5^ Si-Fe alloy is in agreement with the work of May aid 
Turnbull^^^^ who also failed completely to achieve ( 110 ) 
annealing texture but instead produced a reasonably sharp 
cold rolled texture on secondary recrystallization of high 
purity 3,39^ Si-Fe alloy. This behaviour appears to be 
characteristic only of high Si Fe-Si alloys. The texture 
observed for 3 , 5 % Si-Fe alloy is, however, about 7 times 
sharper than May and Turnbull* s texture of 3 , 39 % Si-Fe alloy. 
These results thus indicate that for pure Fe-Si alloys, the 
sharp ( 100 ) fpi:^ texture can be produced either by heavy 
reduction or by low reduction followed by long primary 
recrystallization and a high temperature annealing, Ohe 
behaviour of 3 , 5 % Si-Fe alloy is again similar to Mo in 
which high temperature anneal has been found to produce 
sharp cold rolled texture* 

Heavily cold rolled(in one stage) commercial purity 
alloy specimen (Table Iip showed a very strong (100) [Oil 
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texture with small spread flO®) around the R,D, and C*D, 

(Table Fig, 53), The commercial purity alloy cold 

reduced in a two stage process (Table II ) , unlike pure alloy 

A 

produced a sharp cold rolled texture but with about 10® spread 
around the R.D, snd 15® around the C,D* (Fig* 59), Primary 
recrystallization of heavily cold rolled specimen An „ 

uOCM 

retained sharp cold rolled t -rture (Table II , Fig, 54) with 

0 ^ 

10 spread around the C,D, ^ and the central peak was of very 

low intensity. The primary recrystallization texture of the 

specimen (Table II^, Fig. 60) was similar to the 

primary recrystallization texture of the specimen JU 

oonM 


Secondary recrystallization of thin commercial purity 


specimens, ®Comm 5-10 mins showed retention 
of the strong cold rolled texture but the spread around the 
R.D, and C,D, was about 15®-20® (Table II , Figs .55, 56, 61) , 

\j> 


Thick commercial purity 


specimens on secondary 


recrystallization in vacuum or in argon atmosphere showed 


considerable increase in the intensity at the C.D* and at the 


central position. But the intensity at the R.D, decreased 
quite considerably (Table I^ Fig, 57,58). On comparing this 
\*rith the standard projection (Fig, 28) it is clear that this 
is what is idealy required for the developaent of cube-on-edge 
texture. The central peak^ however ; was found in its original 
location (with respect toKlOO) |0l3 texture) and off by about 
15® frcm the ideal location cf. (110) |^o5 texture. Except 
for this deviation, the texture (Table IIq| Figs, 58, 59) is 
similar to the texture observed for 3% S‘-Fe grain oriented 
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sheet supplied by Mahindra and Mahindra Co,, Poona (Fig, 63)* 
The texture was slightly more sharp in specimens secondary 
re crystallized in argon. Thick specimen, cold 

reduced in two stages and primary recrystallized, on 
secondary re crystallization showed development of weak 
cube-on-edge texture (Table 1^, Fig, 52) with about 15-2d® 
spread around the rolling direction. 

The results are in agreement with the work of 
most of the investigators^^^^^^’^'^’^^^who on secondary 
recrystallization achieved cube-on-edge testure in 
commercial purity alloy. The achievement of the £110) Ipo^ 
texture in the present investigation indicated that it is 
not necessary to use atmosphere annealing (as prescriljed 
by many investigators) for achieving this texture* But it 
seems that a slightly higher temperature and longer 
annealing time or a low vacuum may develope the ideal 
cube»on-edge texture in commercial P^ity alloy. 
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CONCLUSIONS 
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comusiQiis 

From the present investigation on high purity and 
commercial purity 0*5^ Si-Fe alloys the following conclusions 
can be drawn: 


1* Straight single stage reduction involving more 
than 80^ reduction is required to produce sharp cold rolled 
texture (100) (Ol^ . 

2, Sharp cold rolled texture can be produced even 
in two stage reduction process provided the reduction in the 
final stage is more than 60^, 

3, Intermediate annealing has no effect on the 
sharpness of cold rolled texture provided the final riduction 
is above 80^. 

4* In specimens straight cold reduced by more than 
10 % primary recrystallization retains the cold rolled texture 
as the major (with spread of 10® around R.D, and C,D«) texture, 

5, The primary recrystallization texture is more 
random in samples with about 545? final reduction. 

6, Secondary recrystallization of high purity 
specimens produces sharp cold rolled texture. 

7, Sharp cold rolled texture in high purity alloys 
can be produced cither by heavy reduction in the final stage 
or by low reduction (s.^545?) followed by long primary 
rocrystallization and a high temperature annealing. 
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8, Short time secondary re crystallization of 
commorcial purity thin specimens sharpens the cold rolled 
texture related to the primary recrystallization texture. 

9, Long primary annealing time and high 
temperature is essential for producing secondary 
recrystallization textures in thick (0,014”) commercial 
purity alloys specimens. 

10, Low vacuum or purified argon atmosphere 
can ho used for producing grain oriented Fe-Si alloys. 
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P.roRrpmme for calculating correction factor and calculate 


ccc 

ccc 


5 


1 

10 

2 


determination of correction factor used 
For Intensity correction 

dimension ALPHA(20), B(20)» C(20), D(20)» GUTOD 

PIM = S ♦ .4159/180o 

Theta = 9oP75*pim 

A = COSC^'IETA) 

Do 5 L = 1,10 
ALPHA(L) = float (L)*5o*PIM 
B(L) = CoS{THETA+ALpHA(L) ) 

C(L) = C0S(THETA-ALPHA(L) ) 

DIL) = B(L)/C(L) 

Do 10 M = 1,22 

GUT(M) 3 0o8+=l*FL0AT{M) 

PRINT ]T GUT(M) 

E = GUT(M)/A 
EE = EXP(-E) 

Do 10 N = 1,10 
F = EXP Tout (m)/B(N) ) 

G = EXp((GUT(M) /C(N) ) 

FACTN = E*EE* ( 1 0 /D ( N ) -I o ) / ( G-F ) 

FaCTP = £-»EE^(D(N)-lo ) /( F-G) 

H = 5o*FL0AT(N) 

Print 2 ,h,factp,factn 

FoRMAT(1X,F10<,3) 

Continue 

Format ( iix,Fioo2 ,2E2noA) 

STOP 

End 


Where , GWT = p-t 

FACTN = lo/I-oL 
FACTP = Iq/I+oC 

( Refer equation - (2) ) 


id data 


( 

(ALPHA) 

(C.Fo ALPHA) 

(C.F,-..ALPHA 

0 o9no 
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0.9845E 

00 
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1 0 o 00 
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00 
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00 
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00 

O 0 IO 64 E 01 
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1.000 
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i.ioo 
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